Objective: To examine the relationship between markers of vascular dysfunction and neurodevelopmental status in pediatric HIV disease.
Introduction
Children and adolescents with perinatal HIV-1 infection are at risk of developing central nervous system (CNS) disease, the clinical manifestations of which have ranged from frank encephalopathy prior to the advent of the HAART to more subtle, but still clinically significant impairments in the HAART era, such as language disorders, cognitive impairment, developmental delays, motor deficits, behavioral problems, or psychiatric disorders [1] [2] [3] [4] [5] . Recent research has advanced our understanding of the neuropathologic processes that occur in individuals with HIV-1. HIV-1 crosses the blood-brain barrier (BBB) via activated monocytes, which differentiate into perivascular macrophages. In the CNS, HIV-1 infects microglia and, to a more limited degree, astrocytes, but does not infect postmitotic neurons. Rather, the neuropathology of HIV-1 is primarily characterized by indirect, nonapoptotic mechanisms of neuronal damage [6] . These mechanisms include synaptodendritic injury, which leads to excessive pruning and aberrant sprouting, resulting in neuronal dysfunction [6] . At the systemic level, macrophage activation and endothelial dysfunction have been hypothesized to relate to the development of HIVassociated neurocognitive disease (HAND) in adults [7] , and this process appears to be facilitated by certain chemokines; that is, low-molecular-weight cytokines that mediate multiple microvascular and immunologic mechanisms, including inflammation, coagulation, and cell-tocell communication [6, 8, 9] .
Studies conducted on noninfected human cell cultures indicate that the chemokine P-selectin/sCD62P facilitates monocyte differentiation into a proinflammatory phenotype characterized by the expression of surface antigens CD14 þ CD16 þ and inhibits macrophage maturation [8] . Studies [10, 11] from people with peripheral arterial occlusive disease have demonstrated that soluble P-selectin (sP-selectin)/sCD62P can initiate a signaling cascade in neutrophils, allowing them to bind to intercellular adhesion molecule-2 (ICAM-2) and fibrinogen, in turn allowing them to form a complex with platelets and endothelial cells, suggesting that not only is sP-selectin/sCD62P a marker for inflammatory vascular disease, but it is also actually a mediator as well. Furthermore, during HIV-1 infection, increased numbers of CD14 þ CD16 þ monocytes in the peripheral blood are associated with a high risk of HIV encephalopathy [12, 13] . These activated cells preferentially transmigrate through microvascular endothelium into HIV-1-infected CNS and are important sources of secretory neurotoxins upon their arrival in the CNS [12, 13] .
Taken together, this evidence suggests that the pathophysiology of neurodevelopmental impairments in children and adolescents with perinatally acquired HIV infection may involve an intricate interplay between multiple microvascular processes involving immune activation such as inflammation, coagulation, and transendothelial cell migration. Elucidating these mechanisms may suggest strategies to stage progression of neurologic disease and intervene before irreversible damage to synaptodendritic architecture occurs.
The current study aimed to examine the relationship between neurodevelopmental outcomes and peripheral blood levels of nine selected markers of inflammation, coagulation, and endothelial dysfunction ('biomarkers') in a cohort of children and adolescents with perinatally acquired HIV infection. We hypothesized that peripheral blood levels of the biomarkers would be correlated with levels of neurodevelopmental functioning, with the direction of association dependent on the individual biomarker.
Methods

Participants
The Adolescent Master Protocol (AMP) is a longitudinal, prospective cohort study, which opened to enrollment in March 2007 at 15 sites in the United States and Puerto Rico as part of the Pediatric HIV/AIDS Cohort Study (PHACS). AMP is designed to define the impact of HIV infection and antiretroviral therapy (ART) on preadolescents and adolescents with perinatal HIV infection. Study domains include growth and sexual maturation, metabolic risk factors and cardiac function, and neurodevelopmental and behavioral functioning. Children ages 7 to below 16 years and born to HIV-infected mothers were eligible for enrollment into AMP. For this analysis, we included perinatally HIV-1-infected participants who had vascular biomarkers evaluated from blood samples as part of an assessment of vascular dysfunction among those with and without hyperlipidemia [14] , as well as evaluations of neurodevelopmental status at their entry visit.
Procedures
Study assessments
At study entry, a complete physical examination was conducted with collection of body measurements and blood samples for determination of fasting lipid levels. In addition, measurements of CD4 þ T cells and HIV-1 RNA (viral load) were obtained along with a lifetime history of ART use, and a history of HIV disease severity as reflected by Center for Disease Control (CDC) disease class, nadir CD4 cell percentage, and peak viral load. Maternal, caregiver, and household characteristics were collected by interview. The study is ongoing and visits are scheduled every 6 months.
Assessment of the biomarkers
Serum levels of nine biomarkers of vascular dysfunction were assessed, including monocyte chemoattractant protein-1 (MCP-1)/CCL-2, interleukin 6 (IL-6), Creactive protein (CRP) (proinflammatory markers) [15, 16] , soluble vascular cell adhesion molecule-1/ sCD106 (referred to as sVCAM-1), soluble E-selectin/ sCD62E (referred to as sE-selectin), soluble ICAM-1/ sCD54 (referred to as sICAM-1) (endothelial activation markers) [17] , fibrinogen (procoagulant state marker) [18] , soluble P-selectin/sCD62P (referred to as sPselectin) (procoagulant state and endothelial activation marker) [17, 18] , and adiponectin (modulator of endothelial inflammatory response) [19] .
Fibrinogen and CRP were measured by nephelometry on the Dade-Behring (Deerfield, Illinois, USA) autoanalyzer using manufacturer's reagents and instructions. Intraassay and interassay coefficients of variation were 2.6 and 2.7%, respectively, for fibrinogen and 4.4 and 5.7%, respectively, for CRP. Adiponectin was measured by a double antibody radioimmunoassay (Linco Research, St. Charles, Missouri, USA), with intraassay and interassay coefficients of variation below 5%. IL-6, MCP-1, sVCAM-1, sICAM-1, sE-selectin, and sP-selectin were measured by ELISA using reagents manufactured by R&D Systems (Minneapolis, Minnesota, USA). Intraassay and interassay coefficients of variation were, respectively, 6.8 and 9.4% for IL-6, 4.0 and less than 7.5% for MCP-1, 5.9 and 10.2% for sVCAM-1, 4.8 and 10.1% for sICAM-1, 5.0 and 8.8% for sE-selectin, and 4.2 and 9.8% for sP-selectin.
Assessment of neurodevelopmental outcomes
Children enrolled in AMP were administered the WISC-IV [20] at AMP study entry. Ten subtests of the WISC-IV are combined to yield four index scores: verbal comprehension, perceptual reasoning, working memory, and processing speed, as well as an overall composite score, Full-Scale IQ (FSIQ). These are standardized scores based on the general US population (mean ¼ 100, SD ¼ 15).
The four index scores served as the neurodevelopmental outcomes in the analysis. The FSIQ is clearly dependent on the four index scores, but was included in the analysis and reported in the results in order to illustrate how the relationship between the biomarkers and cognitive index scores translates into this index of general intellectual functioning. Validity ratings completed by the psychometrist or psychologist administering the tests indicated that all assessments in our sample were valid.
Statistical methods
Our cross-sectional analysis included children with perinatally acquired HIV infection participating in AMP who had WISC-IV results along with the selected biomarker blood levels taken within 6 months of their WISC-IVevaluation. Participants with CRP values above 10 mg/l were excluded from the analysis due to high likelihood of an acute infection at the time blood was obtained, suggesting a potentially confounding nonspecific acute inflammatory process.
For each of the nine biomarkers, we compared the FSIQ score and the four index scores between those with high versus low levels of the biomarker, and evaluated the association between continuous levels of each of the biomarkers with the WISC-IV scores. We calculated Spearman correlation coefficients between each biomarker and the FSIQ score along with each of the WISC-IV index scores. In addition, to understand the relationships between individual biomarkers, as well as between biomarkers and HIV disease, correlations of all nine biomarkers with one another and with HIV disease characteristics (including current and nadir CD4 þ cell, and current and peak viral load measurements) were examined using Spearman correlation coefficients.
We then fit general linear regression models for each of the outcomes, with the biomarker level as the primary predictor, first using univariate models, and then adjusting for selected covariates. When necessary, the biomarker levels were log-transformed to approximate a normal distribution in order to allow a more robust model that was less sensitive to influential outliers. The following covariates were considered for inclusion in the regression models: participant age, sex, race, Hispanic versus non-Hispanic ethnicity, English versus non-English primary language, caregiver education, household income, relationship of patient and caregiver, hyperlipidemia status, receipt of HAART, CDC HIV disease class, current CD4 þ cell percentage (CD4%), nadir CD4 cell percentage, log HIV RNA, and log peak HIV RNA. The relationship between each covariate and WISC-IV outcome was first examined in simple linear regression models; those with a P value of less than 0.20 were considered for inclusion in the final multivariable models. Backwards selection with inclusion criteria P value below 0.10 was used to select final reduced models for each outcome and biomarker combination.
Physiological serum concentrations of adiponectin have been observed to be higher in girls than in boys, irrespective of body size and fat distribution [21] [22] [23] . Thus, regression analyses for adiponectin were adjusted for the potential confounding effect of sex on the relationship between adiponectin and WISC-IV outcomes, regardless of its statistical significance.
Biomarker levels were also grouped in quartiles to explore trends in response. Given the relatively small sample size, only the covariates from the reduced models were considered for adjustment. Because of the large number of combinations of five outcomes and nine biomarkers, consistency of results across biomarkers was examined to help support conclusions. Analyses were conducted using SAS version 9.1.3 (SAS Institute Inc., Cary, North Carolina, USA), and statistical significance was based on P values of less than 0.05.
Results
Participants
Among 319 perinatally HIV-infected participants in AMP as of December 2008, all HIV-infected participants with hyperlipidemia (n ¼ 51) and a random subset of HIVinfected participants without hyperlipidemia (n ¼ 49) had blood samples tested for vascular biomarker levels. Ninetytwo of these 100 participants also had neurodevelopmental outcomes measured within 6 months. Three additional participants were excluded due to their high CRP values. Table 1 provides demographic and health characteristics of the 89 participants included in the analysis. The participants' mean age at the time of neurodevelopmental and biomarker evaluation was 12 years, ranging from 7 to 16 years. Their median CD4 þ cell count was 762 cells/ml and median CD4 þ cell percentage was 34.2. Almost all of the participants (91%) were receiving HAART at the time of evaluation. These characteristics were reflective of the 319 participants enrolled in AMP at that time (data not shown).
Biomarkers
The distributions of the nine vascular biomarker levels are summarized in Table 2 . All biomarkers had rightskewed distributions (and were thus log-transformed for statistical analysis) with the exception of sICAM-1 and sE-selectin. Many of the biomarkers were intercorrelated. A moderate positive association was observed for sP-selectin with sE-selectin (Spearman r ¼ 0.37) and sICAM-1 (r ¼ 0.32). Stronger associations were observed for CRP with IL-6 (r ¼ 0.45) and with fibrinogen (r ¼ 0.29), and between sICAM-1 and sVCAM-1 (r ¼ 0.39). All other associations were weak, with jrj less than 0.26 (data not shown).
Neurodevelopmental outcomes
Neurodevelopmental outcomes from the WISC-IV were normally distributed, with mean scores in the low average range (87-89) for three of four WISC-IV index scores (verbal comprehension, working memory, and processing speed), and in the average range for perceptual reasoning (mean ¼ 94.1). Standard deviations for WISC-IV index scores ranged from 14.3 to 16.6.
Relationship between the neurodevelopmental outcomes and biomarkers
Correlation coefficients between FSIQ and the nine biomarkers are shown in Fig. 1 . Log (fibrinogen) and log (sP-selectin) had negative correlations with all WISC-IV scores ranging from À0.15 to À0.37; these correlations were statistically significant for FSIQ, verbal comprehension, and perceptual reasoning and marginally significant (P < 0.10) for working memory. In addition, adiponectin had a marginally significant positive correlation with FSIQ, processing speed, and perceptual reasoning, whereas sICAM-1 had a marginal negative association with processing speed. Univariate linear regression models for the relationship of all nine biomarkers, as measured on a continuous scale, versus FSIQ score and each of the four WISC IV index scores are shown in Table 3 (upper panel).
In addition, linear regression models comparing high versus low biomarker levels indicated that those with higher sP-selectin levels (above the median) had marginally lower scores on the four WISC-IV indices and FSIQ as compared with those with lower sP-selectin levels (see Table 3 , bottom panel). Similarly, those with high fibrinogen levels had marginally lower scores on three WISC-IV index scores: verbal comprehension, perceptual reasoning, and working memory. The relationship between adiponectin and the WISC-IV outcomes ( Table  3 ) did not change after adjusting for sex.
Linear regression models adjusting for selected health and demographic covariates indicated that the effects of sPselectin and fibrinogen persisted even after accounting for these potential confounders (Table 4 ). In the final models, log (sP-selectin) was significantly associated with the four WISC-IV index scores and FSIQ, with adjusted slopes indicating a 6-11-point average decrease in scores for each one log unit increase in sP-selectin. Final adjusted linear regression models for log (fibrinogen) also indicated a negative association with all scores, with estimated decreases of about 13-30 points for each one log unit increase in fibrinogen. These decreases were significant in the verbal comprehension (P < 0.05), perceptual reasoning (P < 0.001), and FSIQ scores (P < 0.01). Linear regression analysis using biomarker quartiles as the predictor of interest revealed consistently decreasing WISC-IV scores with higher levels of sP-selectin and fibrinogen (Fig. 2) .
With respect to other covariates included in the models, participants with higher peak viral load levels had significantly lower FSIQ as well as all four WISC-IV index scores. In contrast, nadir CD4 cell percentage was correlated with processing speed only (P < 0.01); current CD4 cell percentage, current HIV RNA serum concentration, and CDC class C diagnosis were not correlated with index scores. Patients on HAART had higher perceptual reasoning scores, whereas patients with a nonbiological primary caregiver had marginally lower scores. Higher caregiver education level was associated with higher FSIQ, verbal comprehension, and perceptual reasoning scores. Girls tended to have lower perceptual reasoning scores. Finally, those of Hispanic ethnicity had marginally lower verbal comprehension scores. Hyperlipidemia status, age, race, household income, and exposure to a non-English language were not associated with the WISC-IV outcomes.
Participants with higher nadir CD4 cell count had lower levels of IL-6 (Spearman r ¼ À0.22), sVCAM-1 (r ¼ À0. 35) , and sP-selectin (À0. 20) , and higher levels of adiponectin (r ¼ 0.23). However, there were no associations between peak viral load and any of the nine 1486 AIDS 2010, Vol 24 No 10 biomarkers. Nadir CD4 cell percentage and peak viral load were retained in adjusted models due to their association with one or more of the WISC-IV index scores.
Discussion
In this study, an exploratory analysis of the peripheral blood levels of nine selected markers of vascular dysfunction and neurodevelopmental outcomes was conducted in 89 children and adolescents with perinatally acquired HIV-1 infection. Sociodemographic characteristics of the cohort were representative of US children and adolescents with perinatal HIV-1 infection. The WISC-IV scores of the cohort were in the low average to average range and generally consistent with recent studies [2, [24] [25] [26] of children with HIV infection. All four WISC-IV index scores showed significant negative correlations with log (sP-selectin). This finding suggests that adverse neurodevelopmental outcomes in children and adolescents with HIV infection might be linked to changes in populations of proinflammatory monocytes associated with increased peripheral activity of sP-selectin.
sP-selectin is an adhesion molecule that is expressed on both endothelial cells and platelets [12] . In normal physiological states, ample stores of functional sP-selectin are present in intracellular storage sites, and can be rapidly translocated to the endothelial surface in response to hypoxia or inflammation [8, 27] . Data from in-vitro studies with noninfected human mononuclear cells suggest that, following its expression by the endothelial Each row represents a separate multiple linear regression model, adjusted for covariates above, which remained significant at a P value less than 0.10 in a reduced multivariate model. 
. Relationship between Wechsler Intelligence Scale for
Children-Fourth edition overall composite scores (Full-Scale IQ scores) with peripheral levels of soluble P-selectin (a) and fibrinogen (b). sP-selectin, soluble P-selectin. 1 Adjusted for peak viral load and caregiver education, 2 adjusted for caregiver education. cells, sP-selectin facilitates monocyte differentiation into CD14 þ CD16 þ dendritic-like cells and inhibits macrophage maturation [8] . In persons infected with HIV-1, an expanded subset of CD14 þ CD16 þ monocytes in the peripheral blood has been associated with high risk of HAND. These activated cells readily transmigrate through microvascular endothelium and are believed to release neurotoxins upon arrival in the CNS, resulting in neurodegeneration [12, 13] . Persistently elevated levels of HIV DNA have been reported in CD14 þ CD16 þ monocytes of HAART-experienced adults with undetectable plasma HIV RNA levels who have HAND [28] . Thus, the correlation found in the current study supports the assertions first made by Li et al. [8] that sP-selectin might relate to disease severity in HIV-infected individuals. The current study provides in-vivo data that allow us to build on the conclusions from the in-vitro work by Li et al. [8] , who hypothesized about the following possible dual role of sP-selectin in HIV-related CNS disorders: HIV infection-related systemic inflammation leads to increased sP-selectin activity in the microvasculature, leading to substantially increased levels of circulating CD14 þ CD16 þ monocytes, which then penetrate the BBB in increased numbers, after which they release neurotoxic factors; by inhibiting the maturation of macrophages, in the environment of already decreased peripheral CD4 þ concentrations, sP-selectin additionally weakens the immune system by undermining the ability of the macrophages to effectively kill opportunistic pathogens [8] . Interestingly, in the current study, there were no significant covariate effects of the CDC disease severity class, and sP-selectin only showed a marginal association with nadir CD4 cell percentage. This raises the possibility that in the HAART era, disease severity indicators may need to be refined to include seemingly more subtle, but functionally very important clinical outcomes such as neurodevelopmental impairment.
Verbal comprehension and perceptual reasoning (as well as FSIQ) were negatively correlated with log (fibrinogen). This correlation may also suggest a role in endothelial dysfunction of cerebral microvasculature and its potential contribution to neurodevelopmental impairment in children and adolescents with perinatally acquired HIV-1 infection. Based on the study of Woollard et al. [11] of individuals with arterial occlusive disease, our data raise the intriguing possibility that sP-selectin and fibrinogen may participate in immunologic events in cerebral microvasculature that lead to interactions between granulocyte subsets of leukocytes, platelets, and endothelial cells that are likely to further compromise the BBB. It has been shown that functional blockade of sP-selectin using a mAb directed against murine sP-selectin improves early poststroke reflow and stroke outcomes in mice, suggesting that sP-selectin might play an important role in the pathophysiology of stroke [27] . Thus, it is possible that both fibrinogen and sP-selectin participate in a cascade of microvascular events associated with CNS disease in the context of pediatric HIV-1 infection. Indeed, there is now evidence that fibrinogen enhances platelet sPselectin expression in mice, thus facilitating its role in inflammation, thrombosis, and hemostasis [29] .
WISC-IV scores were not significantly correlated with peripheral blood levels of MCP-1. MCP-1 plays a key role in CNS infiltration of HIV-1-infected leukocytes that express chemokine (C-C motif) receptor 2 (CCR2) and in activation of macrophages in the pathogenesis of HAND. Dose-dependent correlation between MCP-1 concentration in the cerebrospinal fluid and degree of HAND has been reported [30] [31] [32] . Additionally, MCP-1 may affect macrophage migratory movement by altering BBB permeability through regulation of voltage-gated K þ channels [33] . Interestingly, CD14 þ CD16 þ monocytes lack surface expression of CCR2 and thus do not selectively migrate toward MCP-1 in vitro, suggesting that CD14 þ CD16 þ cells may require preactivation by cytokines on the periphery [34] . This in turn suggests that systemic monocyte activation may fuel progression or worsening clinical status of HAND [35] . Thus, MCP-1induced changes in permeability of the BBB may be necessary for the transmigration of the CD14 þ CD16 þ monocytes, but not sufficient to facilitate their selective migration towards BBB. In perinatally HIV-infected children, similar 'division of labor' between MCP-1 (acts from inside CNS by affecting BBB permeability) and sPselectin (preactivates CD14 þ CD16 þ on the periphery) might take place in the process of CD14 þ CD16 þ transmigration into CNS, ultimately affecting neurodevelopmental outcomes.
Findings from early animal models [36, 37] and studies conducted with HIV-infected humans in the pre-HAART era suggested that sVCAM-1, sICAM-1, sEselectin, or all played important facilitating roles in AIDS disease progression as well as in development of CNS disease [38, 39] , In the current study, these three biomarkers were not significantly correlated with WISC-IV scores. It is possible that (some of) these three biomarkers are involved in the severe forms of (CNS) disease progression commonly seen in the pre-HAART era, but not in the more subtle forms examined in the current study. Viral particles may serve as triggers for some of the chemokine-mediated processes described above, or, as hypothesized in a recent review, have a direct neuropathogenic effect [12] . In the current study, current HIV-1 RNA concentration was not correlated with WISC-IV scores, but the peak viral load showed significant covariate effect on the correlation of working memory, perceptual reasoning, and FSIQ scores with sP-selectin. Combined, these two findings suggest that reaching a certain threshold viral RNA concentration in the plasma might play a role in the pathophysiology of adverse neurodevelopmental outcomes. As peak viral load did not show any association with sP-selectin, fibrinogen (or any of the remaining seven biomarkers), the observed effect of the peak viral load may be independent from the proinflammatory and microvascular immunologic mechanisms discussed above.
Several covariate effects (i.e., sex, age, nadir CD4 cell percentage) were inconsistently significant in the analysis; these associations may have been artifacts of multiple comparisons conducted in the analysis, and should be interpreted with caution. Likewise, the weak positive correlation of adiponectin levels with two of the four WISC-IV index scores requires cautious interpretation.
This study has several limitations. First, because of the cross-sectional design, the causal direction of the observed correlations cannot be ascertained. Thus, we cannot conclude there is a causal role between elevated levels of sP-selectin and/or fibrinogen and lower neurodevelopmental outcomes. Further, because of the cross-sectional design, we can only speculate about the chronicity or tempo of this inverse relationship. In order to minimize confounding effects of an acute, nonspecific inflammatory process, participants with high CRP were excluded from the analysis. Still, it remains unclear at which point(s) along the developmental trajectory, including gestation or critical postnatal periods of both white and gray matter maturation in the CNS, that these hypothetical mechanisms might be initiated. Finally, there was no control group of demographically matched non-HIVinfected children and adolescents, which limits the specificity of the negative correlation between the WISC-IV scores and peripheral blood levels of sPselectin and fibrinogen for perinatally HIV-infected study participants. For example, the observed correlations may be attributed to pediatric HIV-1 infection in general (regardless of the mode of transmission), to chronic inflammatory phenomena unrelated to HIV-1 infection, or to other factors related to risk for below-average neurodevelopmental outcomes. Although these two biomarkers may also be inversely correlated with WISC-IV scores in HIV-uninfected children, previous studies have noted that both sP-selectin and fibrinogen are elevated in HIV-infected children as compared with HIV-uninfected children [14] , suggesting that the clinical relevance of elevated sP-selectin and fibrinogen in HIV-infected children may be greater. Clinical and preclinical data [8, 11] mandate a need for longitudinal studies to evaluate whether sP-selectin and fibrinogen inversely correlate with the progression of decline in neurodevelopmental outcome for HIV-1-infected children.
Conclusion
This exploratory cross-sectional analysis demonstrates a highly significant correlation of two inflammatory markers of immune activation and vascular disorder, sPselectin and fibrinogen, with adverse neurodevelopmental outcomes in perinatally HIV-infected children.
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